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T he eye constitutes the dynamic and complex optical system that enables visual perception. The assessment of the intraocular pressure (IOP) is crucial in the management of glaucoma patients, but the IOP and the viscoelastic (biomechanical) properties of the cornea are coupled, which limits the precision of the IOP measurement.
1,2 A gold standard in the IOP assessment is Goldmann applanation tonometry (GAT), which requires contact of the eye with the prism after instillation of local anesthetic drops and fluorescein to perform static deformation (applanation) of the cornea. 3 IOP data from GAT depend on the curvature and the thickness of the cornea. 4, 5 However, the dynamic response of the eye to mechanic excitation is a key for the IOP measurement in modern noncontact tonometers. Mechanic stimulation is usually induced by the air stream formed to short pulse (ca. 20 ms) that deforms the anterior chamber, and the dynamic macroscopic behavior of corneal tissue is analyzed during excitation. 6 Two types of noncontact air-puff-based tonometers have been developed and approved by the Food and Drug Administration: Ocular Response Analyzer (ORA; Reichert, Inc., Depew, NY, USA) and Corvis ST tonometer (Oculus Optikgeräte GmbH, Wetzlar, Germany). ORA determines corneal response during applanation by an air jet. 7, 8 In this technique, the infrared light beam reflected from the cornea is detected by an optoelectronic device. The bidirectional applanation moments are identified and allow one to determine the corneal hysteresis, which is defined as the pressure difference between both applanation instances. The Corvis ST tonometer, in turn, combines a high-speed Scheimpflug camera and an air-puff for visualization and quantitative analysis of the induced corneal deformation. [9] [10] [11] Optical coherence tomography (OCT) is another example of optical modality that can be integrated with an air puff. 12, 13 Generally, OCT detects light back-reflected or back-scattered from the structures of the object. Since the first demonstration of OCT over 25 years ago, this imaging method showed its feasibility in visualizing ocular structures, and it became a standard modality in the diagnosis of retinal disorders.
with a broadband light source and a spectrometer (spectraldomain OCT) or with a wavelength-tunable light source and a high-speed point detector (swept source OCT, SS-OCT). Recent advances in tunable lasers and high-speed electronics enabled imaging through the entire length of the eye. 16, 17 Apart from visualization of all eye components, the concept of full-eyelength SS-OCT imaging at 1060 nm was demonstrated in ocular biometry, showing high repeatability and reproducibility and very good correlation with other biometers. 18, 19 This has led to the introduction of a new generation of optical biometers, such as IOL Master 700 (Carl Zeiss Meditec, Inc., Dublin, CA, USA), Argos (Movu, Inc., Santa Clara, CA, USA), or OA-2000 (Tomey, Nagoya, Japan), enabling improved measuring of cataract patients. [20] [21] [22] Prototype spectral-domain-OCT and SS-OCT anterior segment instruments integrated with air-puff indentation were used to assess biomechanics of the cornea for different IOP levels and to assess biomechanic effects of cross-linking procedures. 12, 13 The studies demonstrated mostly the analysis of corneal reaction to air puff in the case of ex vivo model eyes, and limited experiments were reported for human subjects in vivo. 23 Other OCT-based methods to extract corneal biomechanic properties implemented different stimulation scenarios, but it was difficult to apply those approaches in clinical practice. [24] [25] [26] Moreover, a limited imaging depth range of the instruments has made the other parts of the eye, such as the anterior chamber (aqueous), the crystalline lens, the vitreous, and the retina, unavailable, and their mutual positions have not been assessed during macroscopic air-puff stimulation.
The aim of this study was to perform an in vivo assessment of the dynamics of all optical components of the eye and the behavior of the eyeball under air-puff conditions by using optical biometry. The comprehensive analysis of deformation processes also included the measurements of intraocular distances, which provide direct access to the response of all ocular elements and media. We wanted to determine the impact of the IOP on the air-puff-induced deformation of the eye. In particular, we checked how the extracted parameters are modified when the IOP is decreased in the eyeballs in in vivo measurements.
METHODS
This cross-sectional observational study was approved by the Institutional Ethics Committee at the Nicolaus Copernicus University (Torun, Poland) and adhered to the tenets of the Declaration of Helsinki. Each participant was informed about the nature of the study, and informed consent was obtained prior to the measurements. We recruited 20 Caucasian healthy subjects (mean age, 27.5 6 3.5 years old; age range, 24-34 years old). The mean spherical equivalent refractive error was À1.1 6 1.5 D (range, 0 to À5 D), mean K ave was 43.6 6 1.7 D (range, 40.3-45.8 D), and mean cylinder was À0.93 6 0.67 D (range, À3.25 to À0.25 D). The protocol excluded subjects with any ocular disorders in the anterior or posterior segment of the eye and previous surgery, candidates with the IOP below 14 mm Hg, people with an allergy to IOP-reducing eye drops, pregnant subjects, or breast-feeding mothers.
We performed a full ophthalmic examination on the eyes of each volunteer, including a visual acuity test, slit-lamp biomicroscopy evaluation (SL 115; Carl Zeiss Meditec AG, Jena, Germany), keratometry (Auto Kerato-Refractometer KR-800; Topcon Corp., Tokyo, Japan), corneal topography (Sirius Scheimpflug Analyzer; Schwind GmbH, Saarbrücken, Germany), and retinal OCT (Avanti RTVue XR; Optovue, Inc., Fremont, CA, USA). One eye of each volunteer was then selected randomly for the study. The measurements of the eye were performed before and 2 hours after administration of IOPreducing drops (brimonidine tartrate 0.2%, Alphagan; Allergan, Dublin, Ireland). We used two instruments in each session. The dynamics of all ocular components were measured by a prototype SS-OCT optical biometer integrated with the air-puff (air-puff SS-OCT). The IOP was determined using a GAT device (AT 020; Carl Zeiss Meditec AG, Jena, Germany) mounted to a slit lamp in a sitting position. GAT always followed air-puff SS-OCT to reduce potential impact of the local anesthetic drops (used in applanation tonometry) on the tissue behavior.
The prototype air-puff SS-OCT biometer is shown in Figure  1 . The wavelength-tunable light source (OCT swept laser engine; Axsun Technologies, Inc., Billerica, MA, USA) operated at the central wavelength of 1060 nm and at the sweep rate of 30-kA scans/second and enabled achieving imaging depth of 28.03 mm in the air. The optical power illuminating the eye was 1.5 mW, which was below safe exposure limits according to the American National Standard Institute (Z136.1-2007). 27 The axial resolution was 12 lm in the tissue. The mechanic stimulus was provided by an air-puff chamber from a commercial noncontact tonometer (XPert NCT; Reichert, Inc., Depew, NY, USA) integrated in the OCT optical head. The air pulse and the optical probing beam were collinear. 12 The system was able to acquire the optical interference signal (OCT data) as well as the pressure waveform (which was later transformed into the force) generated by the air pulse (Fig. 1) . The procedure of conversion pressure into force acting on the cornea was described elsewhere (Grulkowski I, et al. IOVS 2018;59:ARVO E-Abstract 279). We implemented lateral scanning of the eye only during preview to enable precise alignment of eye versus optical axis of the instrument. However, no transverse scanning was performed during actual measurement. Because the depth of focus of light illuminating the eye is less than the length of the eye, optimum image quality was obtained when the focal plane was placed at the back of the crystalline lens. The system acquired a series of axial scans at the same location as a function of time (M-scan). Accordingly, the data set (M-scan) consisted of 4000 repeated A-scans (one-dimensional scans) from a single point of the eye (the apex along the visual axis), which corresponded to the total acquisition time of ca. 130 ms with very high temporal resolution (33 ls per axial scan). During each air-puff SS-OCT measurement session, three data sets were acquired.
The SS-OCT instrument was able to reveal the reaction (dynamics) of all ocular components to the air puff. The cornea, the crystalline lens, and the retina were segmented in the M-scan, and the intraocular distances were determined by dividing the optical distances by corresponding group refractive index of the particular eye component: cornea, 1.3755; aqueous, 1.3356; crystalline lens, 1.4048 (averaged); and FIGURE 1. Scheme of the prototype SS-OCT ocular biometer. The system can acquire simultaneously the OCT A-scans in time (M-scan) and corresponding air-puff pressure acting on the cornea. The pressure is later converted into the force based on the sensor calibration.
vitreous, 1.3354. The methodology of determination of refractive index values used for ocular biometry was presented earlier. 18 Ocular biometry included the measurement of the following intraocular distances: central corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT), vitreous depth (VD), and axial length (AL) (Fig. 2) . The temporal evolution of the deformations of ocular components was corrected for eye retraction (movement of the whole eyeball during air puff) by using the segmented retinal signal (Grulkowski I, et al. IOVS 2018;59:ARVO E-Abstract 279).
We entered all data into a Microsoft Excel 2016 spreadsheet (Microsoft Corp., Redmond, WA, USA). The reproducibility of defined parameters was evaluated using one-way analysis of variance with a random-effects model and expressed with intraclass correlation coefficient (ICC). Pearson correlation coefficient R between extracted parameters and the IOP was calculated, and statistical significance of R was assessed. Statistical significance was taken to be a level of a ¼ 0.05. The significance of differences of parameters between the baseline and 2 hours after brimonidine application was also calculated using a paired comparison test. If the differences were not normally distributed (as given by Shapiro-Wilk test), the nonparametric Wilcoxon rank sum test was used.
RESULTS
Figure 2a demonstrates a typical M-scan with 1300 axial scans measured shortly before, during, and after the air-puff excitation was implemented. The full-eye-length M-scan in Figure 2a presents the reaction of the various eye components to the mechanic stimulus. The eye is deformed and returns to its original state. Because of a limited depth range, the retinal signal appears as a complex conjugate in the image. 28 Deformation direction of the cornea and the crystalline lens seem to be opposite, but one has to consider the fact that axial distances in the OCT image are optical. Optical distance is defined as geometric distance multiplied by the refractive index of the medium. The air is optically less thick than the tissue of the same geometric thickness due to the fact that the refractive index of the tissue is higher than that of the air. Accordingly, segmentation of all ocular interfaces and correction for refractive index allowed us to retrieve the geometric intraocular distances and perform true ocular biometry (Fig.  2b) . In particular, the intraocular distances were measured at the phase before air puff to correlate the eye biometry with the IOP. Subtracting the intraocular distances measured at the maximum deformation from those measured before air puff enabled determining compression of ocular tissues and media. Moreover, considering the temporal evolution of the pressure (force) and the segmented deformation (Fig. 2b) , it was possible to generate the hysteresis loop for the cornea (Fig.  2c) . The parameters of the loop, such as hysteresis area (HA) and slope (S), correspond to the biomechanic response of that tissue. Moreover, changes of corneal deformation with time allow for calculation of corneal apex velocity and acceleration, which directly show the dynamics of corneal apex (Fig. 2d) . It has to be noted here that negative velocity values mean that the cornea movements during inward and outward applanations have opposite directions.
We were able to extract the biometric changes of the eye at different levels of the IOP, including intraocular distances, deformations of the cornea and the crystalline lens, corneal hysteresis, and characteristic temporal points taken from deformation, its velocity, and acceleration. The Table presents the reproducibility of the identified parameters in a form of the ICC. The highest reproducibility is observed for deformations of all ocular interfaces and corneal HA. Although the times of velocity extrema (t v1 , t v2 ) or acceleration maxima (t acc1 , t acc2 ) have relatively low reproducibility, the time interval Dt v (¼ t v2 À t v1 ) between both velocity extrema and the time interval Dt acc (¼ t acc2 À t acc1 ) between both acceleration extrema are characterized by higher reproducibility. Figure 3 shows the impact of the IOP reduction on selected data that can be extracted from the measurements, for example the deformation of the cornea and the crystalline lens, the hysteresis loop, and the corneal apex velocity, in the eye of a 33-year-old subject. The plots present that the deformation amplitudes and the HA become larger when the IOP is lower. At the same time, the corneal apex velocity reaches its maximum earlier when the IOP is lower, and the time instance between velocity extrema during inward and outward applanation is longer. What is more, the crystalline lens responds in a different way compared with the cornea. The motion has a form of damped oscillations, which can be described as wobbling (Fig. 3b) .
All measured parameters and the results of statistical analysis are tabulated in Supplementary Table S1 . A summary of coefficients of correlation between the extracted parameters and the IOP is given in the Table, and correlation plots for some parameters are presented in Figure 4 . Statistical significance of Pearson's correlation coefficients is given in Supplementary Table S1 . Generally, at baseline there is a statistically significant correlation of CCT (the highest correlation among all parameters achieving 0.67), VD, and AL with IOP, which means that subjects with higher IOP have usually thicker corneas and larger eye balls. The deformation amplitudes of the cornea and the crystalline lens are inversely proportional to the IOP, but the relation is statistically significant only for the cornea. The cornea is deformed more when the IOP is lower. In addition, air-puff-induced compression of eye components shows significant correlation with the IOP in the case of ACD and AL, which is associated with the deformation of the cornea. On the other hand, calculated lens compression values are around zero, suggesting that the entire lens is just shifted during air-puff stimulus application. Finally, the analysis of corneal hysteresis loop, corneal apex velocity, and acceleration demonstrate significant dependence on the IOP. The HA becomes lower, whereas the S increases when the IOP is higher. The time intervals Dt v and Dt acc inversely proportional to the IOP show relatively high correlation (0.61 and 0.58, respectively).
We also studied the impact of IOP reduction on the change of the extracted parameters. The change of each parameter was defined as the difference between the parameter measured 2 hours after brimonidine application and that parameter measured at the baseline (immediately before brimonidine application). Consequently, this enabled paired comparison and statistical assessment of the differences. The results shown in Figure 5 and summarized in the Table and Supplementary  Table S1 indicate that statistically significant reduction of the IOP (À3.25 6 1.21 mm Hg) was observed 2 hours after administration of brimonidine. Interestingly, the lens became slightly thicker, whereas the vitreous became shallower among Figure 2 . Table demonstrate that there is no sufficient evidence that CCT compression, LT compression, and velocity and acceleration maxima during inward applanation phase change when the IOP is reduced. All other parameters indicate statistically significant change during the IOP reduction experiment.
DISCUSSION
The experimental system used in this study combines for the first time two clinically accepted concepts: mechanic stimulus based on a short air-pulse indentation (used in standard noncontact tonometry) and emerging methodology of optical ocular biometry (commercially available in few instruments employing SS-OCT technology). The features of both techniques provide a unique insight into the dynamics of all ocular components during air puff. First, the system operates at the central wavelength of 1 lm, which characterizes longer light penetration (lower attenuation) and, thus, better performance even in the case of ocular opacifications. 29, 30 Second, the possibility to image the eye through its entire length enables visualization of the cornea, the aqueous, the crystalline lens, the vitreous, and the retina during mechanic stimulation at the corneal apex, which is realized by the measurements of intraocular distances. Because previous studies were mainly limited to the analysis of the corneal reaction, the current method represents a compre- hensive approach to the effect of eye deformation. 12, 13 Third, the operation principle of the system is obtained by sacrificing the lateral scanning to have high temporal resolution. The axial scan rate of the SS-OCT setup is more than 103 higher than the frame rate of Scheimpflug camera with air puff (Corvis ST tonometer), although no change in the shape (i.e., the curvature) of the ocular components can be revealed with the proposed approach. 10 Therefore, the acquired data can reveal detailed dynamic reaction of the eye while the air puff is applied. Fourth, the methodology presented in this paper also allows for the extraction of information on whole eye movement (retraction, which also includes head motion in axial direction) during air pulse (Grulkowski I, et al. IOVS 2018; 59 :ARVO E-Abstract 279). Access to eye retraction makes it possible to determine the real deformation of tissues with better reproducibility. 31 Finally, air-puff OCT biometry is noncontact, so topical anesthesia is not required; thus, it improves comfort of a patient.
Ocular biometry with the SS-OCT system showed intersession reproducibility comparable to previously reported laboratory and clinical optical biometers. 18, 32, 33 The statistical analysis revealed high ICC values for all intraocular distances, which means that SS-OCT can provide reliable biometry measurements. Among all intraocular distances, the lowest ICC was found in corneal thickness, which was due to the axial resolution of the SS-OCT system and limited digital resolution of OCT images (size of the pixel in z-direction, 5 lm), which was also observed in other reports. 18, 19, 34 Another interesting observation showed that the time intervals Dt v and Dt acc had higher reproducibility than the times of velocity/acceleration extrema, which may be attributed to the signal processing procedure of identifying those markers in corneal apex velocity/acceleration waveform.
The study design implemented in this project enabled an assessment of the correlations of extracted parameters with the IOP. Intraocular distances measured before air puff associate the axial dimensions of the eyes with different IOP levels. A statistically significant correlation of CCT, VD, and AL indicate that the eyes with higher IOP have thicker corneas, larger vitreous, and longer eye length, which agrees well with the study with glaucoma patients. 35 The amplitude of corneal deformation is inversely proportional to the IOP, with one of the highest correlation coefficient values among all parameters. When the IOP is higher, the cornea is less deformed, which has been previously confirmed in ex vivo studies with the porcine eyes and can be explained by the increased rigidity of the eye. 36 At the same time, the air puff does not have such a significant effect on the lens deformation because the amplitude is smaller. A closer look at the deformation dynamics of the anterior surface of the crystalline lens reveals a damped oscillatory movement of the lens during application of the air puff. The lens wobbles as the result of its inertia, the impact of adjacent media (aqueous and vitreous), and the biomechanics of suspensory ligament of the lens. This characteristic back-and-forth motion can be observed only due to the correction of deformation for eye retraction (Grulkowski I, et al. IOVS 2018;59:ARVO E-Abstract 279). Axial wobbling has been observed for the first time, although the lens wobbling due to lateral eye motion has been experimentally studied using Purkinje imaging. 37 Air-puff-induced compression of ocular tissues was also quantified by subtraction of intraocular distances measured at two instances: before air puff and at the maximum deformation. The results showed that significant correlation of the compression and the IOP was obtained for ACD and AL, which is the effect of corneal deformation. What is more, the crystalline lens is practically not compressed in the course of the air puff, which indicates that the lens is only displaced during stimulation with air jet.
The proposed system can directly measure the stimulus strength and the reaction of the tissue, which are crucial in understanding the biomechanic properties of the tissue. The observed hysteresis loop indicates tissue viscoelasticity that has been described by the HA. Due to the drop in deformation amplitude, the HA is inversely proportional to the IOP, whereas the hysteresis S showed positive correlation with the IOP. . Impact of IOP reduction on the selected parameters of eye during air-puff eye deformation. Changes of the parameters in the study group at the baseline (0 hours) and 2 hours after brimonidine administration. All mean differences are statistically significant. Statistically significant correlations were also obtained when the corneal deformation waveform was analyzed. The velocity and acceleration showed characteristic extrema (maximum or minimum), which could be associated with both applanation events during air-puff deformation. It is easier to applanate the cornea for lower IOP levels. Therefore, we observed longer intervals between velocity extrema or acceleration extrema when the IOP is lower. The effects were studied using Scheimpflug technology. 38 The study also aimed at finding the impact of IOP reduction on the extracted parameters. The application of IOP-reducing drug keeps the biomechanics so that we can study a pure effect of IOP. The most prominent effect of brimonidine is 2 hours after application of drops. 39 The direction of changes agrees well with the regression analysis performed earlier. The changes can be regarded as purely associated with the IOP reduction because no effect of brimonidine on anterior segment biometry was reported. 40 The main limitation of the current study is a relatively low sample size. In addition to that, only healthy volunteers were included in this study. Further measurements can be done with glaucoma patients to confirm the observed effects among this population. Moreover, the instrumentation enabled us to extract information along a single axis only (in our case visual axis). Repeated axial scans forming the M-scan represent onedimensional information and reveal axial changes in the mutual positions and thickness changes of ocular components. A better control of the dynamic processes after air pulse tissue excitation can be provided, for example with repeated crosssectional (two-dimensional) imaging, similarly to the Corvis ST device. However, this would require ultrahigh-speed imaging technology, such as SS-OCT with an A-scan rate in the megahertz range. 41 Another disadvantage of this methodology is that the air puff modifies corneal shape significantly (from convex to concave), which affects propagation of light in the eye during the deformation process. Hence, this can be a source of uncertainty especially if the measurement is performed at the point out of the corneal apex. The motion artifacts also contributed to the measurement errors, although the data sets with significant artifacts were discarded immediately after reviewing the data quality so that we could follow with postprocessing of the data.
In conclusion, optical biometry combined with air puff provides comprehensive information on the behavior of all ocular components, including the crystalline lens. While the anterior chamber is deformed, the crystalline lens is displaced and the return looks like axial wobbling. The access to the dynamics of axial length during deformation enables correcting the deformation for eye retraction. As the dynamics of OCT biometry after an air puff change with the reduction of IOP, the technology has the potential not only to provide information on the biomechanics of ocular tissues but also to measure IOP in a noncontact way.
